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Abstract

A prospective analysis for the discovery of a light Higgsdros the Compact Muon Solenoid (CMS)
experiment at the Large Hadron Collider (LHC) is presenifdtk associated production channels WH
and ZH of a Higgs boson decaying into a photon pair are stutietdy a full detector simulation. The
method of analysis here employed should permit the ufitinadif real data once they become available
in order to optimise the analysis performance and to estirnatkground rates. Minimising in this
way reliance on simulated data should allow a significanticédn in systematic errors. One year of
LHC running at high luminosity (integrated luminosity o0 fb—!) should allow an observation at
30 of the Standard Model Higgs boson from the LEP lower limitbf.4 GeV/c? up to146 GeV /c?.
Three years of running at high luminosity should allowsadiscovery from the LEP lower limit up
to 148 GeV/c?. In the context of supersymmetric models, the dominantmliwsion Higgs boson
production process could be strongly suppressed. This Higgs gluophobic scenario could occur
when the mixing in the stop sector is maximal. In such a caseassociated production channels WH
and ZH may be recovery channels.



1 Introduction

The Compact Muon Solenoid (CMS) experime[ht [1]is a genargd@se detector which will operate at the 14 TeV
center-of-mass energy proton-proton collider, LHC, at GER main goal of the experiment is the discovery of
the Higgs boson. Electroweak precision measuremEhts yPufaa light Higgs bosonify < 166 GeV/c? at
95% CL). In addition, supersymmetric extensions of the &aad Model (SM) also predict that the mass of the
lightest neutral scalar Higgs bosbfi should be limited to approximately0 GeV /c? [B]. Direct searches at LEP
have yielded a lower limit at the 95% CL afi4.4 GeV/c? for the SM Higgs boson|J4] and in the vicinity of
93 GeV /c? for the lightest neutral scalar Higgs boson in the CP comisgiMinimal Supersymmetric extension of
the Standard Model (MSSM[|[5]. In this mass range, a favderdiscovery channel is its decay into two photons.
Compared to the gluon-gluon fusion changegl— H — ~y [E], the associated production channels WH/ZH are
expected to suffer from a much lower production cross secti@veral advantages, however, make these channels
attractive when the decay of the gauge boson results in getidepton: requiring an additional relatively high
transverse-momentum lepton greatly reduces the signif@&D background in the~ topology and improves
the primary vertex reconstructioﬂ [7]. In the context ofsrgymmetric models, maximal mixing in the stop sector
could result in a strong suppression of ee— h signal process, which the associated production chanrelkiw
not be subject t(ﬂ8]. The searched-for final state compiag@dsolated photons and at least one isolated electron
or muon is close to that of the other associated productiamilttH [B]. The 2-photon signature of a Higgs
boson decay has also been studied in association with tweafdrjets [10]. After one year of high luminosity
running, from 88 to 25 even®&H — [v~y~ (with [ = e or ) and from 15 to 4 event8H — [l (with [ = e or )

are expected for Higgs boson masses in the range- 150 GeV /c2. Prior generator-level studies in the context
of the Standard Modeml] and of the MSSE[lZ] showed the jhilgy of a discovery in this channel. This was
confirmed by two ATLAS studies, using a fast simulation, jpshetd in ]. The results presented here are the
continuation of the work documented [n]15].

2 Event generation and preselection

All the processes considered in this study are simulateshatihg order. Signal events are generated by the matrix
element generator COMPH EE[lG] for Higgs boson massesngmigim 90 to 15@eV /c?, in steps of SaeV /2.

At each mass value, 10000 events are generated. Leadingtotalecross-sections are rescaled according to the
next-to-leading order (NLO) calculatiolﬂl?], via applica of K-factors ranging from 1.15 to 1.16 over the whole
mass range. Branching ratios fér— ~~ are taken from the HDECAY prograr [18]. The irreducible bgrekunds
from the W~~ andZ~~ processes are also generated with COMPHEP, with the saraetir$ applied as those
pertinent to the signal process. Fragmentation and hathtion are performed by PYTHIA]L9].

The following five most significant reducible backgroundqasses are retained due to their capacity to mimic the
Iy~ signal process:

- ~-jet production: one prompt photon, one lepton misidertifiithin a jet or one lepton from a semi-leptonic
decay of a B meson, and the other photon either radiated byutfg®ing quark, or coming from#° (or 7,
w) decay within a jet;

- ~~ prompt diphoton production from gluon fusion or quark ailation: the lepton is either misidentified
within a jet or is a B semi-leptonic decay product from a jeliased in the initial state;

- W~ production: one prompt photon, one lepton coming from the&Wag product, and the other photon
either radiated by the lepton or misidentified or coming fran? (or 1, w) decay within a jet radiated by
one of the initial quarks;

- tt pair production: one lepton from a leptonic decay of a W, dredtvo photons are either bremsstrahlung
emitted by a top, or radiated by the lepton, or coming fron? gor n, w) decay within a jet, or an electron
coming from the other W or from a semileptonic decay of B memat of whose track was not assigned to
the calorimeter cluster;

- bb pair production: the lepton arises from one semilepton@agicone photon may be radiated by this lepton,
and most probably the two photons are mimicked by neutraldredwithin jets. The probability to obtain
two isolated photons is much smaller compared to other backgl processes, but is largely compensated
by the very high cross-section.



All these background processes are generated with PYTHId )eading order cross-sections are considered, ex-
cept for thett production where a NLO cross section of 840 pb is u@d [20].

To ensure an efficient generation and preserve sufficietistita of the most signal-like events, a preselection
is applied at the generator level. Three electromagnetididates, or two electromagnetic candidates and one
muon candidate witt > 20 GeV and|n| < 2.7 are required). For background processes generated with
PYTHIA, an electromagnetic candidate is obtained by clirsgieelectrons and photons ikn = 0.09, A¢ = 0.09
window. Muon candidates are eithgr 7, 7, or K particles. The cross-sections, the number of geneiatel
preselected events and the statistical weight for eachcileldubackground process are given in Tdﬂle 1 as an
equivalent luminosity infb~!. For background processes generated with COMPHEP, th&@teagnetic and
muon candidates are simply the photons and the electronon fnom the hard process. The selection at this level
is necessary to avoid divergence problems in COMPHEP.

Table 1: Event preselection at generator level for the 5 sigsificant reducible background processes, described
in the text.

pr bin Cross-section Number of Number of Equivalent
(GeV/e) (pb) generated events preselected event$ luminosity (fo—1)

Yy 30-100 107.8 6.4 107 139 500 597

vy > 100 1.95 5.9 106 109 500 3008
Wry 30-100 5.54 2.0 107 80 000 3683
Wy > 100 0.25 1.1108 20 000 4181
bb 30-100 1.8 106 4.6 108 25323 0.26
bb > 100 1.3 104 5.2 106 80 000 0.40

tt - 86.2 1.2106 80 000 13.3
~-jet | 30-100 1.210° 1.7107 5726 0.14
~-jet | > 100 1.8103 4.410° 79 873 2.52

3 Event reconstruction

The events are generated assuming a pile-up rate corraagaodthe planned high luminosity phase of LHC
running (€ = 103* cm~2s~1). Full detector simulation and reconstruction is usedetas GEANT 3 [2[L].

4 Trigger selection

The default trigger tables at high luminosity are used. Evare required to pass the global Level 1 trig [22].
Only the double photon stream of the High Level Trigger (HWhich requires asymmetric transverse energies
of at least 35 and 2GieV /¢, is selected[[43]. These thresholds were optimized for tseostery of the Standard
Model Higgs boson produced in the gluon fusion channel ardylag into two photons. The trigger efficiencies
for the preselected signal events are higher than 95% fowkizde Higgs boson mass range (90 to 156V /c?).

The efficiencies reach 98% for signal events preselectddtiiee electromagnetic candidates and 92% for those
preselected with two electromagnetic candidates and orenrandidate. The number of events passing the
trigger selection is given in Tabj¢ 3 for signal and irredileibackground processes and in Tdble 4 for reducible
background processes.

5 Offline event selection
5.1 Analysis method

The goal of the first part of the analysis is to eliminate theximam possible number of reducible background
events with large statistical weight (especiallyand~-jet background processes).

A very loose preselection is applied: at least two offlinetphs and one electron or muon has to be reconstructed
by the standard algorithms. The expected rates of signabackiground events at this level are given in T{I)Ie 2.
At this point the expected dominant background processesam thebb and~-jet processes.

1 In what follows, 7 is the rapidity defined ag = — In(tan(£)) wheref is the polar angle and the azimuthal angle of a
spherical coordinate system, ahi is the transverse energy defineds = E sin 6.



Four discriminant combined variables (as discussed indhewing sections) are then constructed using a likeli-
hood ratio method to estimate:

e y1, the isolation of the photons
e 1, the quality of the lepton reconstruction
e y3, the isolation of the lepton

e 1,4, the QCD / multi-jets nature of the event

For each observable, the likelihood ratiol;(x;) is defined as:

_ f()

fB(xi)
where f° and 2 are the probability density functions for the signal andlithekground. A global discriminant
variabley is then constructed as the product of the individual likediti ratiosC; (z;). Theoretically, the combina-

tion of several discriminant variables is optimal only if fidimensional functions are used in the likelihood ratio.
Nevertheless, with weakly correlated variables, we canentiaé following approximation:

51(1171) (1)
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Another approach is to apply weights to the individual likebd ratios to take into account the correlati [24].
To search for the best performance, the curves giving theabigfficiency versus the expected background (ob-
tained by varying the cut on) are compared for different combinations of variablesairebg those which yield
the best rejection accompanied by high signal efficierity € 95%).

The reference histograms of the input variables used taledéthe four likelihood global variables are all pro-
duced from independent simulated event samples at this Eaumleof preselection. These input reference his-
tograms are not produced consecutivélg. (not produced with the subset of events selected by the cthen
previous likelihood), in order to limit the integrated lumoisity necessary for an optimization of the likelihood
based on real data taken from the ., sidebands, as will be shown in sectjor 6.1.

Sequential cuts are then applied on these 4 discriminarahlas. After the strong suppression of multi-jet back-
ground processedl, tt andy-jet), some kinematical variables (lepton/photon anglesrmomentum, magnitude
and direction of the missing transverse energy) can be useéd@mbined into a final likelihood variablg to
discriminate against more signal-like background proee$8/~~, Zvy~, vy, W~). No kinematical variable is
used in the 4 first likelihood variables to avoid correlaidmetween these kinematical variables and the di-photon
mass, since this would degrade the performance of thehiketl optimization in then.., sidebands.

5.2 Photon reconstruction and isolation

Photons are reconstructed with the standard CMS offlinerigthgos ]. Photon candidates with a matching
seed in the pixel detector are rejected. The two photons thighhighest transverse energy are selected. The
photon candidates identified in multijet background eveotse largely from neutral hadrons% n, w) within

the jets. Photons produced in the decays of these hadrostrangly collinear with the jet direction. Therefore
electromagnetic and hadron calorimeter isolation shoeidj strong discrimination between these hadron-decay
photons and prompt isolated signal photons. Detailed etuafi the photon isolation criteria have been previously
carried out for théd — ~+ inclusive analysis@dj?]. Several variables which eat@the calorimetric energy in
the neighbourhood of a photon were tested:

Table 2: Cross-section times branching ratio times sele@tfficiency after the loose preselection applied before
the four likelihood calculations. The preselection regsitwo offline photons and one offline electron or muon.

Signals Backgrounds
WH ZH Wryy | Zvyy vy | Wy bb tt ~-jet
oxBR xe(fb) | 0.373| 0.040 | 7.038 | 7.681 | 56.9 | 13.6 | 63524 | 1714 | 21495




e ECAL SimpleCone: Sum of the transverse energy of the fundéaheomponent clusters (reconstructed
with the “island” algorithm[2j]) within a conA R < 0.3 around the photon, whereR = /(An2 + A¢?),
excluding the fundamental component clusters belongitige@hoton supercluster (see Figﬂre 1);

e ECAL BiCone: Sum of the transverse energy of the island fometgal component clusters within a double
cone0.08 < AR < 0.3 centred on the reconstructed photon (see Fiﬂure 2);

e SCISO: Sum of the transverse energy of the island fundarmemt@onent clusters within a double cone
0.08 < AR < 0.35 centred on the reconstructed photon, excluding the fundeaheomponent clusters
in a |An| < 0.03 band (see Figurf] 3). This isolation variable is similar te tme used by default for
electromagnetic objects in the CMS standard reconstiugiiogram ORCA|E9]. The Phi ring is used to
exclude from the isolation method the clusters due to braatdsng;

e HCAL Iso: Sum of the transverse energy of the HCAL towers imitlh coneAR < 0.3 around the recon-
structed photon (see Figufe 4);

e HCAL nTowers: Number of HCAL towers hit withinin a con®R < 0.3 around the reconstructed photon
(see Figurg]5).

The use of isolation criteria involving the pixel detectoasvalso considered. This enables slightly increased
discrimination power but at the price of a non-negligiblsdan signal efficiency. Since the goal is to preserve
the highest efficiency possible before entering the secanithbthe analysis (use of kinematical variables), these
additional criteria were not adopted.

The best performance is obtained with the combination ofB8AL SimpleCone and the HCAL Iso variables
for both photons using the method described in sen . distribution of the resulting discriminant variable
y1 is shown in Figurg]6. We apply the criteridog(y:) > —0.4, which is particularly effective againsb pair
production (rejection factor of 76) as well as against topr§upair production (rejection factor of 30). On the
other hand, the-jet background process is only reduced by a factor of 4 ks/dht ony; due to the presence of a
genuine isolated photon.

5.3 Quality of the lepton reconstruction

The standard offline algorithms are used to reconstructlédwtrens ] and the muong31]. Sometimes several
tracks correspond to the same reconstructed electroreclulse track with the momentum closest to the cluster
energy is then chosen. The lepton candidate is then defindx &bectron or muon with respectively the highest
Er measured by the electromagnetic calorimeterppr We then seek to verify good reconstruction quality
for the lepton candidate and to reject misidentified lepfmosiuced within jets. In the case of multijet events, the
density of particles within a jet is such that the calorireadeposits from photons or neutral hadrons are frequently
erroneously associated with a track and are wrongly idedtdis electrons.

Numerous variables involving the calorimetry and the tesicystem were tested. The four variables yielding the
most significant discriminating power are:

e E.../p: the ratio between the electron energy as measured indgbhtra@magnetic calorimeter and its mo-
mentum measured by the tracker. This ratio should tend ttsvamwhen the calorimetric deposit has been
correctly associated to a track. The distribution of thigalale is shown in Figurﬂ 7,

e Fy.4/E: the hadronic energy fraction given by the ratio betwéereinergy measured in the hadron calorime-
ter and the sum of the energies measured in the electronm@agnédthadron calorimeters;

e An trk-clus: The difference im between the track and the associated supercluster. This shbuld tend
towards 0O in the case of a correct association. The angleiiis pfot considered, due to bremsstrahlung.
Under the influence of the magnetic field, the electron teoddistance itself in phi from the radiated
photons. The distribution of this variable is shown in F@:

e 9: The ratio between the sum of the energies of 9 crystal8 (Batrix centred on the maximum-energy
crystal) and the energy of the corresponding superclubtés.ratio is related to the shower shape. Electrons
having experienced little bremsstrahlung have their gneogcentrated in the shower center (see Ficﬂjre 9).



The above four variables are combined in a likelihood vaeigh, as explained in sectidn b.1. The distribution of
the output variables is shown in Figurg J0. A cubg(y2) > —0.6 is applied.

In the case of muons, the purity obtained by the standard Gd&struction algorithms is such that no additional
criteria need be applied (the measured false rate at whilpitn tracks within bottom quark jets are globally
reconstructed as muons is 0.17 24 [32]).

5.4 Lepton isolation

In most of the reducible background processes, the idahtidigton candidate is misidentified within a jet or is a
B semi-leptonic decay product, far less isolated than afepbming from a W or Z decay. The same variables as
those studied for photons are tested. For the electron, #tlead is quite similar to the photon case. For muons,
the muon track is extrapolated through the magnetic fieldeactlorimeter. The only difference is that no cluster
is associated with the muon, so no basic clusters are renmthwéng the calculation of the ECAL SimpleCone
variable, and the energy deposited by the muon in the cadteinis not subtracted. That is why the ECAL BiCone
variable offers better performance than the SimpleCone dine best combination is obtained with the ECAL
BiCone and the HCAL Iso variables. The distributions arespreted in Figurels 11 afid|12. In addition, the number
Ny« of pixel lines within a coneAR < 0.3, presented in FigurEllS, improves the discriminative powfehe
likelihood. The global likelihood variablg; is formed by the combination of the three variables ECAL Bi€p
HCAL Iso andN ., using the method described in sectjor] 5.1.

In the future, some performance improvement of the leptolai®n is expected by using the full tracker informa-
tion as was done irf [24]. The distribution of the likelihoaatiableys is shown in Figurg 4. A cubg(ys) > —0.3
is applied.

5.5 Multi-jet events rejection

The rejection of photons from® decays in QCD background processes, which could be migiigenas Higgs
boson decay photons, has been accomplished by a neuralocetpre exploiting the information on the lateral
profile of the electromagnetic shower. The distributionthefdiscriminant variable for the two photon candidates
are shown in Figurds 15 afid] 16.

Variables involving the multiplicity of reconstructed elojs in the electromagnetic calorimeter reinforce the dis-
criminating power, in particular, the number of seed clissteconstructed by the island algorithm, as shown in
Figure[1]. The global variablg is obtained by the likelihood ratio method described iniseds.] combining the
two anti-r® neural net variables associated to the two photon candidaie the number of electromagnetic seed
clusters.

The distribution of the combined variablg is given in Figureﬁl& A cutog(ys) > —0.8 is applied on this
variable.

Table 3: Production cross-section times branching ratid, @oss-section times branching ratio times preselec-
tion efficiency after each stage of the event selection, ifgna processesiy = 120 GeV/c?) and irreducible
background processes. All values are shown in fb. Errorstatistical only.

Signals Irreducible backgrounds
WH ZH Wryy Ly~
o x BR 0.810 0.137 - -

Preselectiono x BR X € 0.460 0.0440 13.58 18.92
Double photons HLT 0.439+ 0.005 | 0.0423+ 0.0004 | 8.80+0.04 | 12.134+ 0.07
At least 2 offline photons | 0.4154+ 0.005 | 0.0400+ 0.0004 | 8.234+ 0.04 | 10.01+ 0.06
Er(y1) > 35 GeV 0.411+ 0.005 | 0.0394+ 0.0004 | 7.47+£0.04 | 7.30+0.05
Photons isolation 0.387+ 0.005 | 0.0370+ 0.0004 | 7.14+0.04 | 6.51+0.04
At least 1 offline lepton | 0.348+ 0.004 | 0.0362+ 0.0003 | 5.944+ 0.04 | 4.80+ 0.03
Lepton quality 0.331+ 0.004 | 0.0350+ 0.0003 | 5.56+ 0.04 | 4.58+ 0.03
Lepton isolation 0.299+ 0.004 | 0.0318+ 0.0003 | 4.83+0.04 | 4.11+4+0.03
QCD rejection 0.281+ 0.004 | 0.0273+ 0.0003 | 4.50+£0.04 | 3.53+0.03
AR(y~l) > 0.3 0.281+ 0.004 | 0.0272+ 0.0003 | 4.49+ 0.04 | 3.52+ 0.03
80 < myy < 160 0.271+ 0.004 | 0.0259+ 0.0003 | 2.04+0.02 | 1.42+0.02




Table 4: Production cross-section times branching ratid,coss-section times branching ratio times preselection
efficiency after each stage of the event selection, for ribtibackground processes. Contributions of the different
pr bins are summed. All values are shown in fb. Errors are sitaionly.

Reducible backgrounds
¥y Woy bb tt ~y-jet (jet)
o x BR 1.1x10° 5.79x103 1.78x10° 86.2x 103 1.21x108
Preselections x BR x ¢ 270.1 26.5 2.96x10° 6.00x 103 7.16x10%
Double photons HLT 197.7£1.0 | 16.8+0.1 | 77120+ 764 | 1948+ 17 | 35045+ 256
At least 2 offline photons | 194.44+1.0 | 15.2+0.1 | 71935+ 738 | 18724+ 17 | 32038+ 244
Er(y1l) > 35 GeV 187.0£ 0.9 | 13.6+0.09 | 51991+ 627 | 1069+ 13 | 31098+ 241
Photons isolation 161.64+-0.8 | 9.97+ 0.07 682+ 72 31.2+2.2 | 7235+ 115
At least 1 offline lepton 39.1+ 0.4 | 8.52+0.07 523+ 63 27.0+2.0 | 4751+93
Lepton quality 27.3+0.3 | 7.98+0.07 311+ 49 235+ 1.9 | 2552+ 68
Lepton isolation 9.84+0.2 | 6.594+0.06 (0.87) 142+ 1.5 209+ 20
QCD rejection 7.6+0.2 | 5.744+0.06 (0.003) (0.35) (6.6)
AR(yvl) > 0.3 76+02 | 570+0.06 (0.002) (0.31) (5.3)
80 < m~, < 160 3.2+0.1 | 2.404+0.04 (0.001) (0.26) (3.7)

5.6 Kinematical selection - Final likelihood variable

The results of the sequential cuts applied to the 4 combiagdbies are presented in Tabﬂas 3 End 4. The multijet
background processes are entirely suppressed. The cati$ation method is applied in order to estimate the
contribution of these background processes which are egtiteczero due to finite statistics. In this approach,
the photon isolation criteria are temporarily removed idesrto estimate the efficiencies of the last cuts (lepton
isolation and beyond). These efficiencies are then appiftetnumber of events remaining before the cuts (which
have removed all of them in the present analysis). The estingobtained by this method are indicated between
parentheses in Tablﬂs 3 aﬂd 4. After rejecting events @uthiel 80-160GeV /c? di-photon mass window, the
expected rate of surviving events is:

WH/ZH, H— ~+ signals:c x BR x € = 0.297 + 0.004 fb

All other background processes:x BR x e = 13.1 +2.6fb

Some simple kinematical variables are used to form a finelilikod variable/s. The reference S/B histograms are
produced using half of the statistics available after tlipisatial selection (35990 MC events for signal processes
and 10630 MC events for background processes). The monéndisant variables are identified:

« the transverse energy of the photons, represented in Eifigrand 20;

¢ the transerve calorimeter energy of the electron or thestense momentum of the muon, shown in Fig-

ure[2];
o the AR distances between lepton and each photon, representeglire§i2R anfl 23;

e the missing transverse energy (which was calculated usilitg@ative cone aIgorithnﬁjSB] for jet clustering
with a cone size of 0.6 andig- > 15 GeV//c threshold for the jets), represented in Figlre 25;

¢ the phi angle between the direction of the missing eneregttendirection of the first photon, represented

in Figure[26.

These seven variables are then combined, using the metisodizks in sectio@.l, to form the final global vari-
ableys. The AR distance between the two photons (see Fi@'e 24) is alsordisant but is strongly correlated
with the di-photon reconstructed mass used to derive thistital significances, so it is not kept to form the final
likelihood. The distribution of the resulting combined izdnleys is shown in Figur@? for a Higgs boson mass of
120GeV/c?.

5.7 Statistical method and optimization

The statistical methods developed by the LEP Higgs workiogig ] are used in this analysis to optimize the
selection criteria and evaluate the statistical signifiesnf the expected results. It will never be possible to edelu
with an absolute certainty the presence or absence of al gigrtae following, the background-only hypothesis



(the null hypothesis) will be notell ands + b will be used for the signatbackground hypothesis). Therefore a
Confidence Level (CL) is introduced to characterize thastieal significance of the exclusion or discovery of a
signal. The first step to obtain this CL is to select the maostrilininating observables. These variables are then
used to construct the test-statisiicwhich classifies the experiments according to their moress background-
like or (signal-background)-like nature. The test-statistic will also Isedito determine the confidence level to
exclude the or s + b hypothesis.

Test-statistic - the test-statistic is chosen to increase monotonicallyfore signal-like experiments. The prob-
ability of rejecting a false hypothesis at a given confidelawel is maximized by using a likelihood ratio as
test-statistic:

£s+b
X = . 3
o ®)

The most obvious information which has to be included in tkelihood function is the counting rates of the
expected signal and background events. The andb rates follow a Poisson probability distribution, and thus:

X et (5 ¢ b)"/n!7 @)

et on /n!

wheren is the number of observed events. The separative power tkélidood function can be improved by the
addition of other discriminating variables such as the nstrmcted di-photon mass. If this additional variablis
distributed likeS(z) and B(x) for respectively the signal and background events, thettetestatistic is defined

by :

67(s+b) (S + b)n/n| H?:l sS(z;)+bB(z;)

— s+b

X o= e=bbn/n! | B(J;:j) ®)
— e % - SS(‘TJ)
-l (4356 ©

This result is easily extended to the case of a multi-chaseesich:

e TT T 5iSi(wij)
X =e HH<1+biBi(mij)), )

i=1 j=1

whereN is the number of channels to be considereds the number of observed candidates in the chaihnel
andb; are the expected signal and background rates for the channgl is the total expected number of signal
eventsz;; is the value of the discriminating variable obtained for thedidatej of channel, S; and B; are the
probability density functions of the discriminating varia for the signal and the background of the charninel

Definition of the Confidence Level - The test-statisticX increases monotonically for increasingly signal-like
experiments. The CL in the+ b hypothesis can therefore be defined as the probability that & experiment
gives a valueX of the test-statistic lower than the obseniégl :

X
obs dfPSer

X, ®)

CLs+b - Perb(X S Xobs) - /
0

wheredP;.;/dX is the probability density function of the test-statistitihe case of signalbackground experi-
ments. The confidence level in the null hypothesis is defiyed b

8



Xobs d
CLy = Pp(X < Xops) = / d—?(bdX. ©)
0

A 50 discovery will be established when the probability CL, that a background-only experiment gives a more
signal-like result than the observation is less thahx 10~7.

The CL in the signal hypothesis is defined using a modifiedufeatjst renormalization :

CL, = CL,45/CLa, (10)

and the presence of signal will be said to be excluded at a Qaleql — CLs,.

Choice of the working point - To form the test-statistic, the two obvious variables to bediare the recon-
structedy~ invariant mass and the kinematical likelihood variaple The limited statistics of the MC events
prohibit, however, the use of a two-dimensional method ier determination of the Higgs boson discovery po-
tential. Therefore, only the shape of the reconstrugtednass distribution will be used, along with a cut on the
combined likelihood variablgs;. The choice of the optimal working point (i.e. thg cut value) will be that
which maximizes the discovery potential. Figliré 28 illats the optimization process for; = 120 GeV/c?
and an integrated luminosity @60 fb—!. For each tentative cut on the global variapiethem.,., distribution is
drawn for signal and background processes and is used adamplie confidence level calculation. The statistical
significance obtained as a function of the cutygris shown in Figur@g. The cut oy which maximizes the
significance is chosen. This optimal working point is a fimtof themy hypothesis but is independent of the
integrated luminosity, to the extent that systematic utaiaties are not taken into account. The statistical signif
icance can be easily traced as a function of the luminosighasg/n in Figure@G for aliny hypotheses. The list
of the optimal working points obtained for the different gggboson mass hypotheses is given in Tﬂ)le 5. The
significance and the expected number of signal and backdreents are given for a luminosity 60 fb—!. For
the v-jet, tt andbb background processes, the rates are estimated by the nutbotfactorization described in
section[5.6.

Table 5: Optimal working points for the different Higgs basunass hypotheses. The significance and the expected
number of signal and background events are given for anriated luminosity ofl 00 fb—1.

Signals Irreducible backgrounds Reducible backgrounds
my working point
(GeV/c?) log(ys) > significance | WH | ZH | Wry Zryy Wry | vy | vijet | tt bb

90 0.24 5.660 389 | 3.2 | 66.2 42.9 516 | 147| 1.3 | 037 ] 13x10°°
95 0.28 5.180 340 | 28 | 63.8 37.7 488 | 123| 1.4 | 028| 13x 1075
100 0.28 5.27c 322 | 26 | 626 39.4 482 | 134 | 16 | 030| 16x 1075
105 0.53 4920 252 | 22 | 472 26.1 322 | 74 1.1 | 019 | 7x107°

110 0.56 4.730 226 | 2.0 | 430 25.2 283 | 7.6 1.2 | 016 | 7x1075

115 0.41 4.300 221 | 1.8 | 493 30.9 330|102 | 17 | 016 | 10x 107°
120 0.35 4.090 20.7 | 1.6 | 51.2 36.2 345|124 | 19 | 015 | 10x107®
125 0.59 4.01o0 171 | 1.4 36.3 21.2 236 | 7.0 1.3 0.12 7x 1075

130 0.68 3.640 146 | 1.3 | 30.7 16.9 18.7 | 6.0 1.4 | 010 | 4x107°

135 0.82 3.470 13.1| 1.2 | 249 13.2 150 | 5.0 1.2 | 007 | 3x1075

140 0.99 3.350 114 | 1.0 | 189 10.3 106 | 3.7 1.0 | 0.04 1x 1077

145 1.18 3.130 9.7 | 0.8 | 138 6.5 79 | 29 0.7 | 003 | <1x1075
150 0.83 2870 104 | 0.9 | 20.2 11.7 123 | 54 1.1 | 0.03| 3x10°°

6 Use of real data in sidebands - Systematic uncertainties

The signal searched for is characterized by a strongly pkdikghoton invariant mass. Furthermore, at the optimal
working points, them.., distribution of the background is smooth and flat. When redadecome available,
this will allow us to use the data taken:in,, sidebands to optimize the likelihood analysis and to edérttze
background rate.



6.1 Likelihood optimization with sideband events

No kinematical observables were used to construct the fidangpy likelihood variables aimed at rejecting multijet
events. If the shapes of the distributions of the variab$eslun the likelihoods are sufficiently similar for diffeten
di-photon mass regions, then data taken outside the siggi@ir can be used to optimize the likelihood. Only the
signal MC will be used, and the analysis does not rely on tleedraund MC, avoiding the possibly large related
uncertainties. To test the method, a sample of simulatedteworresponding to possible future real dataset is
used: the number of MC events for each background procegsi& t the expected number of events for a given
luminosity (.e. the MC events for different processes have all a weight équgl The size of the sample is limited
by the equivalent luminosity of the MC samples produced. 3d&me preselection as in the standard analysis is
used: two offline photons and one electron or muon are redjuliiee reference S/B histograms for the likelihoods
are produced with the events taken in #ite< m.., < 80 GeV/c? band. The total number of MC events available
in this band is given in Tablf] 6. This table also shows thatetipgivalent integrated luminosity corresponding
to the simulated data sample is limited to 132 ptby the statistics available for tHeb background process.
The composition of the sample is given in the last column dn‘lé'@ The dominant contribution afb events
amounts to 87%y-jet events represent 9%, andevents 4%. The reference S/B histograms of the likelihood
ratio method are produced with these events, and the fobabl@riables), y2, y3, y4 are then calculated for the
events in thed0 < m,, < 160 GeV/c* band. The performance is compared to the results obtaintetisame

80 — 160 GeV/c? band by the standard analysis optimized with the full MCistias available. The distributions
of the photon isolation combined variabje are shown in Figurp 30 for these two cases, and Figyre 3irites

the comparison of the performance obtained by the two metheal the four global discriminant variables, up to
20% loss of efficiency is observed for the same rejection poWee degradation of the performance is mainly due
to the insufficient statistics of-jet andtt events in 132 pb! of data: ~200~-jet events is clearly insufficient to
obtain the full discrimination power of the combined vatesbagainst this background process.

To increase the size of the simulated data sample, gedargenments are generated: the absence of correlations
between the input variables used to form the global likelthoariables is assumed. The distributions of these
input variables in th€0 < m.,, < 80 GeV/c? kinematical region are then fitted and used to generate tedps
experiments. The performance obtained is representedginre'-@.. It is seen that an integrated luminosity
of 5 fb~! will be sufficient to optimize the four primary likelihoodsiti the future real data taken in the.,,
sideband and to reproduce the results obtained when usrfglttMC statistics.

Table 6: Results of the preselection in tte< m.., < 80 GeV/c? sideband.

Nb of selected o X BR x € Equivalent Number of events
MC events (fb) luminosity (fb—1) for 132 pb~!

Wy 11772 3.393 3469 0

Zyy 21805 4.126 5285 1

Ty 3945 18.5 213 2

W 11375 6.22 1829 1

bb 4682 35501 0.132 4682

tt 11149 1682 6.63 222
~-jet 1935 3523 0.549 465

6.2 Background measurement from Data

After the selection by the final likelihood variable at thetiopal working points, then.. distribution of the
background is smooth enough to be easily fit. When the reallsedome available, it will be possible to take a
m.~ window centred on theny hypothesis, then fit the real data outside this window tovesii the background
within the signal window. If the number of events in the sidet is sufficient, this method can be applied, and
will considerably simplify the estimation of the systencatincertainties on the expected background rate. The
MC can be used to optimize the method (size and position ofvihdow, bin width, choice of the fit function,
etc..) and to estimate the uncertainty on background:rthe distribution can be used to generate thousands
of signal+background pseudo-experiments. The data frasetipseudo-experiments are fitted excluding a mass
window around the peak as shown in Fig 32. The numqug of background events in the signal region is
given by the integral of the fit function in this mass windovheTfull statistics MC distribution is fitted over the
whole mass range. The numtiafg‘,ff of predicted events in the signal region is the integral effithfunction in

the signal mass window. The relative error on the measurigés dpy the ratldV{,j;/le‘,fgc and is represented in
Figur for 10000 pseudo-experiments faea GeV /c? Higgs boson mass hypothesis and integrated luminosi-
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ties of 100 fb~! and300 fb~!. The mean of the Gaussian fit to t ,j;/le‘,fgc distribution gives the rescaling
factor to apply to the background rate. This factor is relatethe width of the signal window. A too narrow
window increases this scaling factor; the background sateverestimated due to the signal events in the tail. A
too large window will reduce the precision of the fit. 1000@geken experiments have been generated for each
my hypothesis at each luminosity point. For all Higgs bosonsasasthe best results correspond to a symmetric
window of £8 GeV/c?, a bin width of4 GeV/c? and a second order polynomial background fit function. The
relative uncertainty obtained on the background rate esiim is represented as a function of the luminosity in
Figure for a Higgs boson mass t#0 GeV/c2. For a luminosity ofl00 fb~! and a Higgs boson mass of
120 GeV/c?, the background rate is measured with a precision of 11%wathda precision of 6.6% foB00 fb~1.

The background rate uncertainty for eaaly hypothesis can be parametrized by:

ﬁ_a(mH)
B VL

The inferredn(my) values are given in Tab[é 7.

, with £in fb™! (11)

Table 7: List of then parameters used to parametrize the relative uncertaintiyeobackground rate estimated by
the sideband fit.

my (GeV/c?) | 90 | 100 | 110 | 120 | 130 | 140 | 150
a(mp) 0.96 | 0.96 | 0.95| 1.14 | 1.13 | 1.83 | 1.76

6.3 Systematic uncertainties for signal and cross-sectianeasurement

The following sources of error were considered:

¢ the theoretical cross-section error due to the renorntalizand factorization scale variation: the renormal-
ization scale and factorization scale will be identified.eRtimate the uncertainty on the theoretical cross-
section, this scale is varied between 0.5 and 2 times theatectle value. For the proceg$ — VH, the
central scale value is given by the invariant VH mass. Theretained ist3% for WH and ZH production
for all considered Higgs boson mass@ [17]; it has been eltettiat no accidental compensation of scale
dependences is introduced by identifying renormalizadiad factorization scales.

o the error on the structure functions of protons: the partmsiy function (PDF) of the CTEQ collaboration
has been use(E[BG]; The PDF uncertainty for the associatdliptionqg — VH at the LHC is almost
constant and of the order of 4% over a Higgs boson mass ramgedr® 100 and 200ieV /> [@];

e the error on the measured luminosity: this is expected tdbéds luminosity above 30 fb' [Bg];

e the error on the lepton or photon reconstruction and ideatifin has been estimated to 1% for each identi-
fied photon and lepton candidafe][$9] 40];

e the error on the missing transverse energy: the error ara¢oiiD% for lowpr jets and unclustered energy,
and to 3% for highpr jets @]. A value of 5% is used and propagated in the finaliik®d. This results in
a -1.08% +0.49% variation of the final signal rate foy; = 120 GeV /2.

The quadratic sum of all these errors gives a 6% total errdherexpected signal rate.

6.4 Effect of systematic uncertainties on confidence levels

To propagate the systematic uncertainties in the confidemekcalculation, the signal and background expectation
values are randomized when computing the probability defishctions of the test-statistic as described@ [34,
B3]. The probability distributions of the systematic uriagties are assumed to be Gaussian. The systematic
uncertainty on the background rate comes from the sidebapbtiedure, described in sectipn]6.2, and is equal to
11 % for a120 GeV /c? Higgs boson and an integrated luminosityl6f) fb—!. The signal systematic uncertainty
has both theoretical and instrumental origins, as destiibsectior] 63, and is equal to 6%. There is no observed
effect of the signal systematic uncertainty on the confiddagel in the case of signal+background experiments
and background-only experiments. The total systematiemainty is completely dominated by the error on the
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background measurement. Fig@ 36 shows the statistgaifisance as a function of the integrated luminosity
of the LHC running at high luminosityd = 103* cm=2s7!). The effect of the systematic uncertainty on the
confidence level is represented by the grey band. The los®dhbe systematic uncertainty is rather limited: for a
120 GeV/c? Higgs boson, the significance drops from 4.09 to 3.97 for &girated luminosity of00 fb—!, and
from 7.09 to 6.88 foB00 fb~1.

7 Cross-section measurement

In the case of a Higgs boson discovery, the WH/ZH»Hyy channel will be used to measure the cross-section
times the branching ratio:

N, N-N/"

s X BR = =
7 €sel L €sel L

(12)

whereN; is the number of signal events given by the difference betviie total numberV of observed events
and the numbele” of background events measured by the sideband,fit,is the signal selection efficiency
and £ the integrated luminosity. The contributions to the totabeon the cross-section measurement are the
statistical error on the total number of observed eveit¥ (= /), the error on the background estimation with
the sideband fit, the error on the measured luminosity anthfithee error on the selection efficiency (uncertainty
on lepton/photon identification and missing transversegnas described i@s). The expected precision on the
o x BR measurement is represented as a function of the integnateddsity in Figure@S. For a20 GeV/c?
Higgs boson, the product of the cross-section and branchimgwill be measured with a precision of 35% after
one year of LHC running at high luminosity, and with a premisbf 19% after three years of high luminosity
running.

8 Results for the Standard Model Higgs Boson

Figure represents the expected statistical significahttee WH/ZH, H— ~~ channel, as a function ofig

for three luminosity scenarios, and Fig@ 38 represertintiegrated luminosity required to reach a given statis-
tical significance as a function ofiy. The shaded bands correspond tosystematic uncertainty. One year of
high luminosity running should allow an observation at& the SM Higgs boson from the LEP lower limit of
114.4 GeV/c? up to146 GeV /c?, and three years of running at high luminosity should alldw aliscovery from
the LEP lower limit up tol48 GeV /¢

9 MSSM Interpretation

In the minimal supersymmetric extension of the supermob8$M), two isospin Higgs doublets have to be
introduced in order to preserve supersymmetry. The eleetak symmetry-breaking mechanism leads to the
existence of five Higgs particles: two CP-even neutral plriithe lightest one is written h and the heaviest one,
H), one CP-odd neutral particle A, and two charged partiHiés The MSSM Higgs sector is entirely defined by
two parameters, here chosernrag, the mass of the pseudoscalar Higgs particletamd? = v2/v1, the ratio of
the vacuum expectation values of the two Higgs doublets.

Within the context of the MSSM, gluon fusion production maydtrongly suppressed. The top loop contribution
to gg — h may be partially cancelled by the stop loop, when the stopsrizsasmall,i.e. for large mixing angle

in the stop sector, whereas the partial widitth — ~~) is dominated by the W boson loop which cannot be
cancelled more than 0% by chargino loops for Higgs boson masses greater tharGeV /c? [E]. For a stop
mass 0f200 GeV/c?, the gg — ~ process may be so heavily suppressed that it would preclutiscavery

if ma is below500 GeV/c? [@]. In the MSSM gluophobic scenario, describedm [43k Buppression of the
gg — h — ~v process is maximum fon s below200 GeV/c?, nearly independantly afin 3.

The thresholds for 95% CL ¢3and 5 sensitivity of the presented analysis are shown in Fi@mﬁ&ﬁ)function of
my. After three years of LHC running at high luminosity (intaggd luminosity o300 fb—1), for a Higgs boson
massmy, = 90 GeV/c?, theWh — lvyy process could be discovered with @ Significance if its cross-section is
greater than 0.48 fb. For a Higgs boson masgs= 115 GeV/c?, the cross-section has to be greater than 0.57 fb.

The expected cross-section for théh — lvyy process is represented in FigLIE 40, as a functiomgfand
tan § for the “no mixing” and “maximal mixing” scenarios. In the m@xt of the “maximal mixing” scenario,
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it was shown that the gluon fusion production champel~ h — ~~ may be strongly suppressed for lowy
values (typicallyma ~ 200 GeV/c?). In this kinematical region, the expect®&h — lvy~ cross-section ranges
from 0.5 to 0.6 fb. After three years of LHC running at high inosity, the & sensitivity of the analysis to the
Wh — lvyy signal ranges from 0.48 fb to 0.57 fb in the < my, < 130 GeV/c? range.

Therefore, the cross-section sensitivity of the analyssiss to be sufficient to help in covering the MSSM param-
eter space in case of a “gluophobic” scenario, but it remt@ite confirmed with a detailed study based on a full
scan of the MSSM parameter space.

10 Conclusion

The possibility to discover a Higgs boson produced in asgimei with a W or Z boson and decaying into two
photons has been studied with the CMS full simulation anéatet response, including pile-up consistent with
the LHC high luminosity operationd = 103* ecm~2s!). Both signal and background uncertainties have been
included.

Particular care has been taken with the analysis methoddier ®o be able to fully exploit real data once they
become available. In this way an integrated luminosity ¢if—' should be sufficient to optimise the likelihood
method which permits the rejection of multijet backgroufisls +-jet andtt processes). The utilisation of simu-
lated data for these backgrounds thus would become irreleBasides, final background rates could be measured
with real data in kinematic regions where there is no sighhls will permit a considerable simplification of the
estimation of systematic errors on these background refits.an integrated luminosity ofo0 fb—!, the error on
the backround rate measurement should reach 11% in the tareanalysis optimised for a Higgs boson having
amass ofi20 GeV/c2. On the other hand, the selection method fully relies upenutilisation of simulated data
for the signal, and thus suffers from the effects of systén@ators on it. However, the statistical method, devel-
oped by the LEP Higgs working group, allows to avoid this ¢rist: no significant dependence of the discovery
potential as a function of the uncertainty on the signal seobed.

The conclusion of this work indicates that after three yeddlsHC running at high luminosity, it is expected that
the SM Higgs boson can be discovered in this channel witkignificance between thie 4.4 GeV /c? LEP lower
limit and 148 GeV /2. For heavier Higgs boson masses, the preferred searchelsama the) + p — H — ZZ*
andp + p — H — WW* processes, which are abundantly produced and give clenatsigs, especially when
the final state involves muons and/or electrdn$ [3P, 44].
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photon, excluding basic clusters in&n| < 0.03ring the preselection level.

at the preselection level.
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election level. the analysis.
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Figure 17: Number of seed clusters reconstructédgure 18: Distribution of the combined variable used
with the Island algorithm at the preselection level.

to reject multijet events. The discontinuities observed
on the distributions are due to the use of discrete vari-
ables in the likelihood. The clitg(y4) > —0.8 is ap-
plied in the analysis.
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Figure 32: Background measurement in the signal region avithon them.,, sideband. The fit of the full MC
statistics over the whole mass range is represented by liddight gray line. The fit for the signal-like pseudo-
experiment (dark grey) is performed on the sidebandsafter the exclusion of the signal window represented
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120 GeV/c? Higgs boson mass hypothesis: one gives a good accuracy bathkground estimatior2 (9%, top

plot), one a typical precisior6(9%, middle plot) and th last a poor estimatidfi.( %, bottom plot).
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Figure 33: Ratio between the number of background eventsarsignal region estimated by the fit of the side-
band data for the generated pseudo-experiments and theenwfndxpected background events given by the full
statistics MC formy = 120 GeV/c? and integrated luminosities af)0 b= (left) and300 fb—* (right).
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Figure 34: Relative uncertainty on the background eEigure 35: Precision on the measurement of the prod-
timation by the sideband fit method as a function afict of cross-section and branching ratio as a function
the integrated luminosity with LHC running at highof the integrated luminosity with LHC running at high
luminosity for a Higgs boson mass 020 GeV /c?. luminosity for a120 GeV/c? Higgs boson.
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Figure 39: Analysis sensitivity to th&’h — 1+ cross-section as a function of;, after one year (left) and three

years (right) of high luminosity runnning. THe systematic uncertainty is represented by the grey band.
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Figure 40: Expected cross-sectionsYgiH — lv~y~ as a function ofn s and tan3 in the no mixing scenario (left)
and in the maximal mixing scenario (right) of the MSSM.
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